Antibiotic resistance is one of the most challenging issues in public health. Antibiotic resistance 2 can be selected by antibiotics at sub-inhibitory concentrations, the concentrations typically 3 occurring in natural and engineered environments. Meanwhile, many other emerging organic 4 contaminants such as pesticides are frequently co-occurring with antibiotics in agriculture-related 5 environments and municipal wastewater treatment plants. To investigate the effects of the co-6 existing, non-antibiotic pesticides on the development of antibiotic resistance, we conducted 7 long-term exposure experiments using a model Escherichia coli strain. The results revealed that 8 1) the exposure to a high level (in mg/L) of pesticides alone led to the emergence of mutants with 9 significantly higher resistance to streptomycin; 2) the exposure to an environmental level (in 10 µg/L) of pesticides together with a sub-inhibitory level (in sub mg/L) of ampicillin 11 synergistically stimulated the selection of ampicillin resistance and the cross-selection of 12 resistance to three other antibiotics (i.e., ciprofloxacin, chloramphenicol, and tetracycline). 13 Resistance levels of mutants selected from co-exposure were significantly higher than those of 14 mutants selected from ampicillin exposure only. The comparative genomic and transcriptomic 15 analyses indicate that distinct and diversified genetic mutations in ampicillin-and ciprofloxacin-16 resistant mutants were selected from co-exposure, which likely caused holistic transcriptional 17 regulation and the increased antibiotic resistance. Together, the findings provide valuable 18 fundamental insights into the development of antibiotic resistance under environmentally 19 relevant conditions, as well as the underlying molecular mechanisms of the elevated antibiotic 20 resistance induced by the exposure to pesticides. 21 Escherichia coli 23 3 Significance statement 24 Antibiotic resistance is a major threat to public health globally. Besides clinically relevant 25 environments, the emergence and spread of resistant bacteria in non-clinical environments can 26 also potentially pose risks of therapy failures. This study showed that the long-term, 27 environment-level exposure to pesticides with and without antibiotics significantly stimulated the 28 development of greater antibiotic resistance. The resistant strains selected from the exposure to 29 pesticides are genetically and metabolically distinct from the ones selected by the antibiotic only. 30 Although it is still being debated regarding whether or not a large use of antibiotics in plant 31 agriculture is harmful, our findings provide the first fundamental evidence that greater concerns 32 of antibiotic resistance may result if antibiotics are applied together with non-antibiotic 33 pesticides. 34 35
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coli mutants from co-exposed and Amp-exposed populations (G500) resistant to four other 126 antibiotics: Strep, Chl, Cip, and Tet. Except for Strep with similar resistance developed under co- 127 and Amp-exposure conditions, the resistance (i.e., MICs) to the other three antibiotics were 128 significantly higher (1.5 -3.5 times) for resistant mutants from co-exposure than from Amp-129 exposure (p-values of 1.1 × 10 -10 , 0.044, and 1.3 × 10 -7 for Chl, Cip, and Tet, respectively) 130 (Figure 2 D, F and H) . The co-exposure also accelerated the development of resistance to the 131 four antibiotics with mutation frequencies 1 -4 orders of magnitude higher than those under 132 Amp-exposure only, although without statistical significance due to variations among the 133 triplicated evolution passages ( Figure S2 ). Collectively, the co-exposure to environmental level 134 pesticides and 1/5MIC0 ampicillin exhibited synergistic effects on the emergence of mutants 135 resistant to not only the exposed antibiotic but also other non-exposed antibiotics (cross-136 selection). The co-exposure condition selected mutants more resistant than those selected under 137 sub-MIC antibiotic selection pressure only. One should note that no accelerated development of 138 higher resistance was observed for G500 E. coli cells exposed to the same concentration of 139 pesticides but with lower ampicillin concentrations (1/125MIC0 and 1/25MIC0), as well as the 140 G500 non-exposure control (data not shown). 141 Genetic Mutations in Strep-resistant Mutants Selected by High-level Pesticide Exposure. 142 To unravel the mechanisms leading to the elevated mutation frequency towards Strep 143 resistance and the higher Strep resistance of E. coli mutants after being exposed to high-level 144 pesticides (125EC), we identified valid genetic mutations including non-synonymous single 145 nucleotide polymorphisms (SNPs), insertions and deletions (INDEL) in the resistant mutants 146 compared to the susceptible strains from G500 population without pesticide exposure, which 147 have the same MIC as the ancestor strain (G0). 9 The genomes of Strep-resistant mutants isolated from G500 E. coli with pesticide 149 exposure revealed genetic mutations in four genes including two SNPs, and two deletions against 150 the genome of the susceptible isolate from G500 E. coli without pesticide exposure (Table 1, see   151   Table S3 in the SI for a complete list of genetic mutations). These four mutated genes encode 152 proteins for: (i) target modification; (ii) DNA replication and repair; (iii) regulation. It is 153 noteworthy that all three sequenced Strep-resistant mutants from the pesticide-exposed cultures 154 shared the same genetic mutation of the rpsG gene (SNP: A → T), resulting in gaining a stop 155 codon (*) replacing Leu157 in the amino acid sequence ( Table 1 ). The rpsG gene encodes the 156 30S ribosomal protein S7, which is essential for cell growth. The stop codon gained at a later 157 position (157 of 179 residues) of the amino acid sequence did not affect the function of this 158 protein, as no growth inhibition of the resistant mutants was observed (data not shown). 159 
Genetic Mutations in Amp-and Cip-resistant Mutants Selected by the Pesticides + 160
Ampicillin Co-exposure. To explore mechanisms leading to the higher Amp-resistance of 161 mutants isolated in E. coli populations exposed to pesticides + Amp, we identified and compared 162 the genetic mutations in Amp-resistant mutants from E. coli under co-exposure and Amp-163 exposure. We also did the same comparative genomic analysis to study the underlying 164 mechanisms of the increase of cross-resistance to antibiotics other than the exposed Amp. We 165 focused on Cip-resistant mutants, as they showed the highest MIC increase after the co-exposure. 166 For the three Amp-resistant mutants isolated from the co-exposed culture, the same 167 mutation occurred in gene ftsI (SNP: A → T; amino acid change: Gln536 → Leu) (Figure 3 &   168   Table 1 ). It encodes an Amp-binding protein, and this genetic mutation likely altered the protein 169 structure, hence lowering the binding affinity of Amp to this protein. In addition, multiple 170 mutations (non-synonymous SNPs and insertions) occurred in a prophage-related gene yagJ.
Besides, mutations also occurred in genes encoding membrane and flagellar structure proteins 172 (Table 1) . The structural alteration of these proteins could potentially limit or avoid the entry of 173 the antibiotic into the cells (41, 42) , thus resulting in antibiotic resistance. 174 Interestingly, the mutations identified in Amp-resistant mutants isolated from co-exposed 175 E. coli were completely different from those isolated from Amp-exposed E. coli. Fewer genetic 176 mutations were detected in the Amp-resistant mutants from Amp-exposure, none of which was 177 shared among the three sequenced mutants. One mutant had an SNP mutation in acrR involved 178 in multidrug transport (43, 44) ( Figure 3 & Table S3 ). Another mutant had an SNP mutation in 179 the proline transport gene proV, which occurred in a multi-drug-resistant Salmonella strain (45).
180
The third mutant had an SNP mutation in an isocitrate dehydrogenase encoding gene icd, the 181 mutation of which has been observed in E. coli mutants resistant to nalidixic acid (46). Together, 182 many of the identified mutated genes in the Amp-resistant strains isolated from both co-exposure 183 and Amp-exposure conditions have resistance-related functions, which likely led to the 184 development of Amp-resistance. Moreover, the co-exposure selected Amp-resistant mutants with 185 distinct genetic mutations, which likely contributed to their higher MIC levels than those selected 186 by Amp-exposure only.
187
For Cip-resistant mutants isolated from co-exposed E. coli, mutations in the gyrA gene 188 occurred in all three sequenced mutants: two had Ser83 → Leu and one had Asp87 → Gly (Table   189 1). The DNA gyrase encoded by gyrA is the target of Cip, and the mutations in gyrA might lead 190 to the resistance to Cip (47). Along with gyrA mutations, more diverse genetic mutations were 191 detected in Cip-resistant mutants from co-exposure than from Amp-exposure, including genes 192 with various functions: (i) DNA replication and repair; (ii) drug transporter and degrader, and energy metabolism. Most of these mutations were not directly involved in known mechanisms. It seems that the co-exposure not only accelerated but also diversified the 196 evolution, resulting in the selection of Cip-resistant mutants with higher resistance. 197 There were fewer genetic mutations detected in the Cip-resistant mutants from Amp-198 exposure, which occurred in genes encoding proteins for target modification, transporters, and 199 regulators ( Figure 3 & Table S3 ). One of the three sequenced mutants had the same gyrA 200 mutation (Asp87 → Gly) as the one that occurred to the Cip-resistant mutant from co-exposure 201 condition. The other two mutants had an SNP mutation (T → C, Thr120 → Ala) in the envZ gene 202 that encodes a membrane-associated protein kinase in the two-component regulatory system, 203 which might reduce the production of membrane porin and lead to antibiotic resistance (48). The 204 same genetic mutations of proV and acrR genes as those in the Amp-resistant mutants were 205 found in Cip-R mutants from Amp-exposure, suggesting a more general resistance mechanism 206 not only to ampicillin but also to other types of antibiotics. 207 As it is not financially applicable and practically feasible to sequence all antibiotic-208 resistant mutants isolated from Amp-and co-exposure for genomic comparison, complementary 209 SNP genotyping assays were conducted to examine the prevalence of the identified genetic 210 mutations from three biological replicates by WGS in the entire resistant population of G500 E. 211 coli under co-and Amp-exposure conditions. As a representative, the ftsI gene, which showed 212 the same SNP mutation among all three sequenced mutants from the co-exposure condition was 213 targeted by the SNP genotyping assay. We treated the co-exposed and Amp-exposed G500 E. 214 coli with 4 mg/L ampicillin (i.e., MIC0, Amp) to select resistant E. coli populations in the liquid 215 media and then detected the genotyping patterns in the resistant populations. The mutated ftsI 216 genotype was only detected in the resistant populations selected from co-exposed G500 E. coli ( Figure S3 ). Despite the varied fractions of ftsI mutants in the three biological replicates (1.2%, 218 30.5%, and 99.8%), the presence/absence of mutated ftsI determined by SNP genotyping assay is 219 consistent with the WGS results. Thus, the detection and frequency of genetic mutations from 220 three selected mutant genomes can qualitatively represent the presence and dominance of the 221 genotypes in the resistant population. In line with the SNP genotyping results, the replicate from 222 co-exposure containing 99.8% mutated ftsI showed more than one order of magnitude higher 223 mutation frequency than the other two replicates ( Figure S2 ). This suggests that the mutated ftsI 224 contributed to the accelerated development of Amp-resistance under the co-exposure condition, 225 and perhaps resulted in the higher Amp-resistance than the resistant mutants from Amp-exposure 226 that developed different genetic mutations and resistance mechanisms.
227
Differential Gene Expression of Resistant Mutants Isolated from Amp-exposed and Co- Table   236 S4). 237 Some genes in cluster I and almost all genes in cluster III showed significantly lower 238 expression in Amp-R mutants from co-exposure than Amp-exposure, such as genes involved in 239 flagellar structure formation (e.g., fliC), arginine synthesis (e.g., argA), carbohydrate transport (e.g., argA, mglA), cold shock defense (e.g., cspH), prophage (e.g., nmpC, yjhQ), and fatty acid 241 β-oxidation (e.g., fadB, fadH). Moreover, the expression of genes in cluster IV was completely 242 shut down in Amp-R mutants from co-exposure, including CP4-6 prophage genes (e.g., yagE, 243 the mutated yagJ, and mmuM (also involving methionine synthesis)) and arginine synthesis 244 genes (e.g., argF) ( Figure S4A) . In contrast, genes in cluster VI showed higher expression in 245 Amp-R mutants from co-exposure, including heat shock and acid stress defense genes, such as 246 ibpA and hdeA; genes involved in glutamate decarboxylation (gadA, gadB, and gadC), putrescine 247 degradation (e.g., puuB) and histidine synthesis (hisA and hisF); and a membrane structure gene 248 (yhiM) ( Figure S4A ). Two fimbriae-associated genes, fimB and fimE, in cluster II also showed 249 higher expression levels in Amp-R mutants from co-exposure. 250 The Cip-R mutants from co-exposure exhibited higher expression of most genes in Figure S4B ), was substantially lower in Cip-R mutants from co-exposed culture. The above 257 gene expression patterns were quite different from those for Amp-R mutants, suggesting 258 different resistance mechanisms. Interestingly, exceptions are found for two genes (i.e., fimB and 259 fimE) encoding fimbrial structures, whose expression was stimulated in mutants resistant to both 260 Amp and Cip from co-exposure. Besides, genes in cluster IV (e.g., prophage genes yagJ, mmuM) 261 exhibited similar expression in both Amp-R and Cip-R mutants, which were turned off in 262 mutants from co-exposed E. coli (Figure 4 C) . These shared responses of the mutants from the co-exposure condition suggest the involvement of those genes in the resistance both to Amp and 264 Cip. In addition, among all mutated genes identified in Amp-R and Cip-R mutants, yagJ was the 265 only one that exhibited a significantly differential expression, in which there were several shared 266 site mutations between the Amp-and Cip-R mutants from the co-exposure condition.
267

Discussion
268
This work provides evidence that long-term exposure to pesticides alone or together with 269 sub-MIC level antibiotics can stimulate and diversify de novo mutations towards resistance of 270 certain antibiotics. The findings are of high relevance to the emergence of antibiotic resistance in 271 some natural and built environments. High pesticide levels (mg/L) triggering evolution towards 272 resistance may occur in biosolids and aquatic organisms where pesticides can be accumulated 273 (49-51). In aquatic environments receiving WWTP effluent and agricultural runoff, antibiotics at 274 sub-MIC levels are occurring together with pesticides at ng -µg/L (20-24). Such co-occurrence 275 may synergistically select for de novo mutants resistant to antibiotics from a susceptible 276 population, with even higher resistance than those that could have been selected by antibiotic 277 exposure alone. 278 Mutation in genes encoding antibiotic target proteins is one of the mechanisms leading to 279 higher resistance of mutants from pesticide-exposed and co-exposed E. coli. The higher 280 resistance to Strep for mutants from pesticide-exposure was attributed to the stop-gain mutation 281 in rpsG at a later amino acid position. The rpsG gene encodes a component (protein S7) of the 282 30S subunit of ribosome, and Strep binds to the 30S subunit to inhibit protein synthesis. This is 283 different from previous findings that several site mutations in rpsL, another gene in the same 284 operon encoding 30S subunit ribosomal protein S12, can lead to the structure alteration of 30S 285 subunit, thus Strep-resistance in E. coli strains (52-54). The genetic change of rpsG uniquely selected under pesticide exposure may alter the structure of S7 and the entire 30S subunit, 287 resulting in lower affinity, hence less sensitivity to Strep in the de novo mutants. Mutations in the 288 antibiotic target genes, ftsI and gyrA for Amp and Cip, respectively, occurred exclusively (for 289 ftsI) or more frequently (for gyrA) in resistant mutants from co-exposure than those from Amp-290 exposure. Direct alteration of the target proteins can be more effective to overcome the inhibitory 291 effect of antibiotics than mutations in other resistance-related genes in the resistant mutants from 292 Amp-exposure, leading to higher antibiotic resistance (MIC levels). 293 Moreover, the co-exposure to pesticides and Amp stimulated and diversified genome-294 wide mutations, and mutants with diverse mutations were selected under Cip stress, thus likely 295 contributing to the higher Cip-resistance. Common mutations in a prophage gene yagJ were 296 shared in both Amp-and Cip-resistant mutants from co-exposure, but not from Amp-exposure. 297 The mutated gene yagJ exhibited differential expression (i.e., a complete shutdown) in both 298 Amp-and Cip-resistant mutants from co-exposure compared to Amp-exposure. This differs from 299 the previous findings that the removal of prophage CP4-6 genes including yagJ decreased the 300 resistance to nalidixic acid (55), which is a quinolone antibiotic, as Cip is. 301 Previous studies (14, 15, 47) about the resistance mechanisms mostly focused on genetic 302 mutations and the expression of antibiotic resistance genes. The global differential gene 303 expression has not been well understood. Compared to the resistant mutants from Amp-exposure 304 grown with antibiotic stress, the resistant mutants from co-exposure showed differential 305 expression of many genes involved in metabolic activities and cell structure formation. Such 306 different transcriptional responses to the same antibiotic stress may be related to the higher 307 antibiotic resistance observed for the mutants from co-exposure than those from Amp-exposure. 308 Amp-and Cip-R mutants from co-exposure shared several gene expression patterns, including (i) the stimulated expression of fimbriae synthesis genes promoting cell adhesion, and (ii) the 310 deactivated expression of CP4-6 prophage-related genes, including yagJ, ykgS, and mmuM. 311 These features may promote bacterial survival under stress conditions, rendering multidrug 312 resistance. 313 In addition, we validated the differential gene expression results by RNA-seq using RT-314 qPCR targeting selected genes ( Figure S5 ). According to RT-qPCR results, we also found that 315 the differential expression of some genes in resistant mutants from co-exposure was independent 316 of whether they were grown with antibiotic stress or not. For example, fimB and fliC in resistant 317 mutants from co-exposure showed higher expression levels compared to the resistant mutants 318 from Amp-exposure even when growing without antibiotic stress ( Figure S6 ). This suggests that 319 the distinct genetic mutations found in resistant mutants from co-exposure directly led to some 320 transcriptional regulation without an antibiotic stimulus. 321 Taken together, this study unravels an overlooked role of pesticides in promoting the 322 emergence of resistance to some antibiotics and selecting more resistant mutants with and/or 323 without the presence sub-MIC level antibiotics. It gives a better understanding of the molecular 324 mechanisms leading to the higher antibiotic resistance in E. coli after being exposed to multiple 325 selection pressures rather than to antibiotics alone. This provides important insights into 326 antibiotic resistance developed under more environmentally relevant exposure conditions. 327 328
Materials and Methods
329
Bacterial Strains, Growth and Selection Conditions. The antibiotic susceptible bacterium used 330 in this study was the gram-negative Escherichia coli K-12 C3000 (E. coli). The growth medium 331 for all selection experiments was Luria-Bertani (LB) broth. First, the stock E. coli cells from -80 º C freezer were revived and then streaked on an LB agar plate and allowed to grow for 20 hours. 333 One single colony was picked and inoculated into a tube containing 3 mL of LB broth for 24-334 hour incubation at 30 º C. The cell culture was considered as the ancestor strain and used for 335 subsequent exposure experiments. 336 Twenty-three pesticides that have been frequently detected in environmental samples 337 were selected. Their environmental concentrations (EC) range from 0.1 to 4.8 μg/L. Detailed 338 information of the selected pesticides is in Table S1 . Two exposure experiments were conducted: 339 (1) Exposure to pesticide mixture of 1/125EC, 1/25EC, 1/5EC, 1EC, 5EC, 25EC, 125EC, 340 mimicking a wide range of the pesticide occurrence in various environments with degradation or 341 accumulation of pesticides. A no chemical exposure was also set up as the control.
(2) Exposure 342 to a combination of ampicillin of 1/125MIC0, 1/25MIC0, or 1/5MIC0 (MIC0, MIC of antibiotics 343 for the G0 E. coli strain in LB medium, MIC0, Amp = 4 mg/L) and pesticides of 1EC was applied. 344 The corresponding control was exposure only to ampicillin. 345 The pesticide stock mixture was dissolved in methanol. Appropriate volumes of the 346 mixture were added to the 96-well plate, which was air-dried until all the methanol was gone. 347 195 L LB medium and 5 L ampicillin stock solution were subsequently added to the wells. 348 The negative control group was added with the same volume of nanopure water as the ampicillin 
